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Abstract. Cancer gene therapy represents a new and prom-
ising therapeutic modality for various types of cancer. Two 
or more anti-oncogenes carried by a single vector could theo-
retically improve treatment efficacy, reduce side-effects from 
vectors, and have a satisfactory clinical application prospect; 
however, this has seldom been studied in breast cancer. The 
inhibitor of growth 4 (ING4), as a member of the inhibitor of 
growth tumor suppressor family has potent inhibitory effects 
on a variety of tumors. Interleukin‑24 (IL-24) has also shown 
broad spectrum and tumor-specific antitumor activities. In this 
study, we aimed to prove the enhanced antitumor activity of 
adenovirus-mediated ING4/IL-24 double tumor suppressor 
gene co-transfer in human breast cancer cells. We assessed 
the combined effect of the ING4/IL-24 bicistronic adenovirus 
(Ad-ING4-IL-24) in vitro and in vivo on MDA-MB-231 human 
breast cancer cells by detecting and comparing the apoptotic 
status in the bicistronic anti-oncogene group (Ad-ING4-IL-24) 
and in the ING4 or IL-24 single anti-oncogene groups, and 
also investigated the possible underlying mechanism. Our 
results showed that the bicistronic adenovirus-mediated ING4 
and IL-24 co-expression induced additive growth suppression 
and apoptosis as well as an overlapping effect on the upregula-
tion of p21, p27 and Bax, and the downregulation of Bcl-2 and 

survivin in MDA-MB‑231 human breast cancer cells in vitro 
or in vivo. Moreover, Ad-ING4-IL-24 treatment additively 
reduced CD34 expression and the microvessel density in 
MDA-MB-231 xenografted tumors in athymic nude mice, 
which correlated with the decreased expression of the vascular 
endothelial growth factor. The enhanced antitumor activity on 
breast cancer elicited by Ad-ING4-IL-24 was closely associ-
ated with the activation of the apoptotic pathways and the 
additive inhibition of tumor angiogenesis.

Introduction

Breast cancer is a common malignancy among women and is 
a leading cause of cancer-related mortality, ranking 2nd after 
lung cancer (1). The incidence of breast cancer has drastically 
increased over the past several decades. The treatment of breast 
cancer includes surgery, radiation and drugs (hormone therapy 
and chemotherapy). Unfortunately, the poor 5-year survival rate 
of patients with breast cancer has not been improved by current 
treatments, primarily due to the propensity of breast cancer 
cells to metastasize as well as their resistance to chemotherapy 
and radiation. Thus, there is an increased interest in finding new 
agents for breast cancer treatment. Cancer gene therapy repre-
sents a new and promising therapeutic modality for cancer. It 
was evaluated as one of the top 10 scientific discoveries in 2009 
by Science (2). Adenovirus (Ad) is one of the most promising 
vectors for cancer gene therapy. Adenoviral vectors harboring 
therapeutic genes have been used successfully for gene transfer 
in vitro and in vivo.

ING4, a member of the inhibitor of growth (ING) family, 
may significantly induce tumor growth suppression via the 
induction of cell cycle alteration, apoptosis and inhibition of 
tumor angiogenesis (3-8). In a previous study, we demonstrated 
that the Ad-mediated ING4 gene remarkably inhibited the 
growth of MDA-MB-231 breast tumors in vitro and in vivo (9). 
However, cancer is characterized by a multistep process 
of genetic and molecular changes in oncogenes and tumor 
suppressor genes, which limits the efficacy of a single gene-
mediated cancer therapy due to the difficulty in finding a pivotal 
gene conferring its occurrence and progression. Therefore, a 
multigene-based combination therapy may prove to be effective 
in breast cancer gene therapy.
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The other tumor suppressor, interleukin-24 (IL-24), 
originally identified in human melanoma cells treated with 
interferon-β and mezerein by subtraction hybridization, is 
a unique cytokine-tumor suppressor belonging to the IL-10 
family (10,11). Extensive studies have shown that IL-24 
displays ubiquitous antitumor properties and tumor-specific 
killing activity in a broad spectrum of cancer cells but not in 
normal cells (12). IL-24 may also inhibit tumor angiogenesis 
by directly suppressing vascular endothelial cell differentiation 
and migration (13,14), indirectly downregulating the production 
of pro-angiogenic factors (13,15,16) and by repressing tumor 
cell invasion and migration via the downregulation of the 
phosphatidylinositol 3-kinase, focal adhesion kinase and matrix 
metalloproteinase-2 (17). Thus, ING4 and IL-24, as promising 
tumor suppressors negatively modulate tumor growth via 
multiple pathways.

At present, there are two main methods for multigene 
therapy: the first one involves the target cells being trans-
fected or infected with multiple independent vectors carrying 
different genes simultaneously, with the advantage of conve-
niently adjusting the proportion of each expression-vector 
combination and co-ordination of time and the disadvantage 
of the efficiency of multigene co-expression being low and 
onerous (18,19). The second method involves the co-expression 
of multiple genes in one identical vector (20). Compared with 
a number of independent vectors carrying different genes to 
achieve co-expression, a multigene co-expression vector may 
increase the efficiency of transfection and expression. Since the 
low efficiency of gene transfer is the bottleneck in gene therapy, 
we constructed the ING4/IL-24 bicistronic Ad-mediated gene 
co-transfection vector (Ad-ING4-IL-24) (21).

The therapeutic potential of the conjunction of ING4 
and IL-24 for cancer has not been reported in breast cancer. 
To enhance the therapeutic efficacy and develop a novel 
combination therapeutic modality for breast cancer, based on 
the antitumor features of ING4 and IL-24, we hypothesized 
that the combination treatment with ING4 and IL-24 tumor 
suppressors would elicit an enhanced antitumor efficacy. 
Therefore, in this study, we investigated the potential combined 
effect of the ING4 and IL-24 double tumor suppressor genes 
(Ad-ING4-IL-24) against MDA-MB-231 human breast cancer 
cells in vitro and in vivo in an athymic nude mouse model and 
elucidated its underlying molecular mechanism.

Materials and methods

Vectors, cell lines, reagents and mice. The Ad-ING4-IL-24 and 
Ad replication-incompetent adenoviral vectors were constructed 
and maintained in our laboratory (21). The MDA-MB-231 
human breast cancer cell line was purchased from the American 
Type Culture Collection (Shanghai, China) and cultured in 
RPMI-1640 (Gibco, Shanghai, China) supplemented with 10% 
fetal bovine serum (HyClone, Shanghai, China). The reverse 
transcription (RT)-PCR detection kit was purchased from 
Invitrogen (Shanghai, China). The MTT kit was purchased from 
Sigma (Shanghai, China). The Annexin V-PE/7-AAD apoptosis 
detection kit was purchased from BD Biosciences (Shanghai, 
China). The In Situ Cell Death Detection kit was purchased 
from Roche Applied Science (Shanghai, China). The polyclonal 
anti-ING4 antibody was purchased from Abcam (Shanghai, 

China). The monoclonal anti-IL-24 antibody was purchased 
from R&D Systems (Shanghai, China). The antibodies specific 
for p21, p27, Bcl-2, Bax, survivin and β-actin were purchased 
from Cell Signaling (Shanghai, China). The Ultrasensitive™ 
SP kit was purchased from Fuzhou Maixin (Fuzhou, China). 
The athymic nude mice were purchased from the Shanghai 
Experimental Animal Center (Shanghai, China) and main-
tained in the animal facility at Soochow University with the 
approval of the Animal Research Ethics Committee of Soochow 
University. The human IL-24 enzyme-linked immunosorbent 
assay (ELISA) kit was purchased from Boster (Wuhan, China).

Reverse transcription (RT)-PCR analysis. The apoptosis-
related genes, Bax, Bcl-2 and survivin, in MDA-MB-231 human 
breast cancer cells were determined by RT-PCR analysis. 
Briefly, the MDA-MB-231 cells (5x106) were infected with 
Ad-ING4, Ad-IL-24, Ad-ING4-IL-24 or Ad used as a blank 
control at a multiplicity of infection (MOI) of 100 as previously 
described (5), or without an Ad (phosphate-buffered saline, PBS) 
control. After 48 h of treatment, the infected and uninfected 
MDA-MB‑231 tumor cells were collected, and total cellular 
RNA was extracted with TRIzol for RT-PCR. The PCR was 
carried out using cDNA as templates and primers as following: 
5'-GGA TGC GTC CAC CAA GAA-3' and 5'-GCA CTC CCG 
CCA CAA AGA-3' for Bax; 5'-TGT GGC CTT CTT TGA GTT 
CG-3' and 5'-CTA CCC AGC CTC CGT TAT CC-3' for Bcl-2; 
5'-GCA TGG GTG CCC CGA CGT TG-3' and 5'-GCT CCG 
GCC AGA GGC TCA A-3' for survivin; 5'-TGA TGA CAT 
CAA GAA GGT GGT GAA-3' and 5'-TCC TTG GAG GCC 
ATG TGG GCC-3' for human GAPDH. The RT-PCR products 
were then analyzed by 1% agarose gel electrophoresis.

Detection of cytotoxicity by crystal violet staining. The 
MDA-MB‑231 human breast cancer cells were planted in 
a 24-well plate and 24 h later cells were infected with Ad, 
Ad-ING4, Ad-IL-24 and Ad-ING4-IL-24, respectively at 
various MOIs (0, 10, 25, 50, 100 and 200). After a continuous 
incubation for 4 days at 37˚C, the medium was removed and 
500 µl crystal violet solutions (2% crystal violet in 20% meth-
anol) were added to each well for staining; and 15 min later all 
wells were washed and images were captured.

MTT assay. The in vitro cytotoxic effect of Ad-ING4-IL-24 
on MDA-MB-231 human breast cancer cells was evaluated 
by MTT assay. Briefly, the MDA-MB-231 tumor cells were 
dispensed into 96-well culture plates at 1x104 cells/well. After 
a 24-h incubation at 37˚C, the MDA-MB-231 tumor cells 
were infected with Ad-ING4, Ad-IL-24, Ad-ING4-IL-24 or 
Ad, used as a blank control at 100 MOI or without Ad (PBS 
control) and cultured for the indicated time periods (0-4 days). 
Before treatment and at different time-points after treatment, 
the viability of the MDA-MB-231 tumor cells was analyzed 
using an MTT kit according to the manufacturer's instruc-
tions. Inhibition ratios were calculated using the following 
formula: inhibition ratio = [optical density (OD)570 of control 
group - OD570 of experimental group]/OD570 of control group.

Flow cytometric analysis of apoptosis. The MDA-MB‑231 
human breast cancer cells (1x106) were cultured with Ad-ING4, 
Ad-IL-24, Ad-ING4-IL-24 or Ad at 100 MOI or without an 
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Ad (PBS control), respectively. After 48 h, the treated and 
untreated MDA-MB-231 tumor cells were harvested, washed 
in cold PBS and apoptosis was assessed by flow cytometric 
analysis using the Annexin V-PE/7-AAD apoptosis detec-
tion kit following the manufacturer's instructions. Briefly, the 
treated and untreated MDA-MB-231 tumor cells (1x106) were 
incubated with 5 µl Annexin V-PE (early apoptotic marker) and 
5 µl 7-AAD (late apoptotic marker) in 100 µl of 1X Annexin V 
binding buffer at room temperature. After a 15-min incubation, 
400 µl of 1X binding buffer were added and the apoptotic cells 
were then analyzed by flow cytometry. Another section of the 
cells in each group were also fixed with cold 70% ethanol for 
12 h and then the cell cycles in each group were detected by 
flow cytometry after propidium iodide (PI) staining.

ELISA analysis. The Ad-mediated secretory expression of 
vascular endothelial growth factor (VEGF) in MDA-MB-231 
human breast cancer cells was detected by ELISA analysis. 
Briefly, the MDA-MB-231 tumor cells (5x106) were infected 
with Ad-ING4, Ad-IL-24, Ad-ING4-IL-24 or Ad used as 
a blank control at 100 MOI or without an Ad (PBS control) 
in a 10-ml medium, respectively. After 24 h of treatment, 
the cellular culture supernatants generated from Ad-ING4, 
Ad-IL-24, Ad-ING4-IL-24 or Ad-infected and uninfected 
MDA-MB-231 tumor cells were harvested, and the amount 
of VEGF in the culture supernatants was analyzed by ELISA 
using a human VEGF ELISA kit according to the manufac-
turer's instructions.

Animal studies. The athymic nude mice (5/group) were subcu-
taneously (s.c.) inoculated on their armpits of the right anterior 
limbs with 2x106 MDA-MB-231 human breast cancer cells, 
and then monitored daily for tumor growth. Tumor volume was 
measured with a caliper and calculated by the formula, tumor 
size = ab2/2, where ‘a’ is the larger and ‘b’ is the smaller of 
the 2 dimensions. When the tumors grew up to a mean tumor 
volume of ~0.1 cm3, the MDA-MB-231 human breast cancer 
xenografted tumor-bearing mice were intratumorally (i.t.) 
injected with PBS (PBS control) or 1x108 gene transfer unit 
(GTU) of Ad-ING4, Ad-IL-24, Ad-ING4-IL-24 and Ad every 
other day for a total of 6 times, respectively. Tumor progres-
sion and regression were monitored and tumor volume was 
measured daily. In addition, the tumor-bearing mice were sacri-
ficed 12 days after the treatments and the xenografted tumors 
were removed, weighed, fixed by 10% neutral formalin and 
embedded in paraffin for hematoxylin & eosin (H&E) staining 
and immunohistochemical analysis. The tumor inhibition rate 
was calculated using the formula: inhibition rate =  (tumor 
weight of PBS group - tumor weight of therapy group)/tumor 
weight of PBS group x100%.

Immunohistochemistry analysis. The expression of p21, p27, 
Bcl-2, Bax, survivin, VEGF and CD34 in MDA-MB-231 human 
breast cancer s.c. xenografted tumors was determined by 
immunohistochemistry analysis using an Ultrasensitive™ SP 
kit according to the manufacturer's instructions. The presence 
of buffy or brown diaminobenzidine precipitates is indica-
tive of positive reactivity. The integral optical density (IOD) 
of immunohistochemical intensity was then calculated using 
Image-Pro Plus 6.0 software. Microvessel density (MVD), 

detected by immunostaining for CD34, was determined as 
previously described by Weidner (22). Any endothelial cell 
cluster immunoreactive for CD34 clearly separated from 
adjacent microvessels was considered as a single countable 
vessel. Each value represents IOD or microvessels counted at 
a high-power view (x400) by a microscope. The mean value 
represents the average number derived from the 5 high-power 
fields of each case.

Evaluation of combinatorial interaction. The interactive 
effects of ING4 and IL-24 by Ad-mediated ING4 and IL-24 
co-expression were evaluated by calculating the Q-value using 
the formula (23), Q = F (A + B)/FA + (1 - FA) FB, where 
F (A + B) represents the fraction affected by treatment with 
Ad-ING4-IL-24 compared to the untreated control group, FA 
represents the fraction affected by Ad-ING4 alone, and FB 
represents the fraction affected by Ad-IL-24 alone. A value 
of Q>1.15 indicates a synergistic effect between ING4 and 
IL-24, Q<0.85 indicates an antagonistic effect and a vaule of 
Q between 0.85 and 1.15 indicates an additive effect.

Statistical analysis. All data are presented as the means ± stan-
dard deviation (SD). The significance of the difference 
between the groups was evaluated by one-way and two-way 
repeated measures analysis of variance (ANOVA) and multiple 
comparisons with SPSS 10.0 software. A value of P<0.05 was 
considered to indicate a statistically significant difference.

Results

Cytotoxicity induced by tumor suppressor genes. MDA-MB‑231 
human breast cancer cells infected with Ad-ING4-IL-24 in the 
24-well plate were more slightly stained by crystal violet than 
the cells infected with Ad-GFP, Ad-ING4 or Ad-IL-24 at a 
same MOI (Fig. 1). The results indicated that Ad-ING4-IL-24 
are more highly toxic to MDA-MB-231 tumor cells than 
Ad-ING4, Ad-IL-24 or Ad-GFP. Moreover, even at 100 MOI 
the blank virus vector of Ad-GFP had no obvious cytotoxic 
effect on MDA-MB-231 tumor cells.

Enhanced tumor suppression by ING4 and IL-24 co-expression. 
To investigate whether the ING4 plus IL-24 combination treat-
ment elicits enhanced antitumor effects, we co-expressed ING4 
and IL-24 double tumor suppressor genes by the ING4/IL-24 
bicistronic Ad-mediated gene co-transfer and evaluated the 

Figure 1. Crystal violet staining in each group.
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combined effect on MDA-MB-231 human breast cancer cells. 
The MDA-MB-231 tumor cells were infected with Ad-ING4, 
Ad-IL-24, Ad-ING4-IL-24 or Ad at 100 MOI, respectively. 
The in vitro cell viability was examined daily for 4 days before 
and after treatment using MTT assay. As shown in Fig. 2A, 
compared with the Ad and PBS control group, Ad-mediated 
ING4 and/or the IL-24 expression significantly suppressed 
MDA-MB-231 human breast cancer cell growth in vitro in a 
time-dependent manner with a peak inhibition on day 4 after 
infection (P<0.05). Interestingly, the combination treatment 
of ING4 and IL-24 co-expression induced a more significant 
and synergistic inhibition on the growth of MDA-MB-231 
tumor cells compared with the Ad-ING4- and Ad-IL-24-
treated group, with inhibition ratios of 32, 30 and 62% on 
day 4 in the Ad-ING4, Ad-IL-24 and Ad-ING4-IL-24 groups, 
respectively (P<0.05; Q=1.21). To further explore whether the 

combination of ING4 with IL-24 results in enhanced antitumor 
efficacy in vivo, the athymic nude mice (5 mice/group) bearing 
MDA-MB‑231 human breast cancer s.c. xenografted tumors 
were i.t. injected with Ad-ING4, Ad-IL-24, Ad-ING4-IL-24 or 
Ad (1x108 GTU) every other day for a total of 6 times. The 
tumor volumes were monitored every other day (Fig. 2B) and 
xenografted tumors were removed (Fig. 2C) at 12 days after 
treatment and the tumor weight (Fig. 2D and E) was measured. 
Compared with the Ad-ING4- and Ad-IL-24-treated group, 
the growth of MDA-MB-231 human breast cancer xenografted 
tumors in nude mice was more significantly and synergisti-
cally retarded in the Ad-ING4-IL-24-treated group (P<0.05; 
Qvolume=1.29), indicating that Ad-ING4-IL-24 administration 
may also remarkably suppress in vivo MDA-MB-231 human 
breast cancer s.c. xenografted tumor growth in an athymic nude 
mouse model with a synergistic effect.

Figure 2. Ad-ING4-IL-24 enhanced tumor suppression in MDA‑MB-231 human breast cancer cells. (A) The in vitro cytotoxic effect of Ad-ING4-IL-24 on 
MDA-MB-231 human breast cancer cells. The MDA‑MB-231 human breast cancer cells were treated with Ad-ING4, Ad-IL-24, Ad-ING4-IL-24 or Ad-GFP 
used as an Ad control at the optimal MOI of 100 or PBS as the control for the indicated time periods (0-4 days), respectively. The survival cells were evaluated 
at days 0, 1, 2, 3 and 4 after treatment by MTT assay. *P<0.05 compared with the PBS and Ad-GFP groups; #P<0.05 compared with the Ad-ING4 and Ad-IL-24 
groups (Q=1.21 on day 4 after treatment), two-way repeated measures ANOVA and multiple comparisons, n=4 replicates/condition. (B) The MDA-MB-231 
human breast cancer xenografted tumor volume before and after treatment. Xenografted tumors were removed at 12 days after treatment and measured. 
*P<0.05 compared with the PBS and Ad-GFP groups; #P<0.05 compared with the Ad-ING4 and Ad-IL-24 groups, one-way and two-way repeated measures 
ANOVA and multiple comparisons, n=5 mice/condition. Data shown are representative of 3 independent experiments. (C) Tumor masses removed from each 
group. (D) The MDA-MB-231 human breast cancer xenografted tumor weight was measured. *P<0.05 compared with the PBS and Ad-GFP groups; #P<0.05 
compared with the Ad-ING4 and Ad-IL-24 groups. One-way and two-way repeated measures ANOVA and multiple comparisons, n=5 mice/condition. Data 
shown are representative of 3 independent experiments. (E) Tumor inhibition rate of MDA-MB-231 human breast cancer xenografted tumors in each treatment 
group. *P<0.05 compared with the Ad-ING4 and Ad-IL-24 groups, Q=1.29. One-way and two-way repeated measures ANOVA and multiple comparisons, n=5 
mice/condition. Data shown are representative of 3 independent experiments.
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Enhanced apoptosis by ING4 and IL-24 co-expression. To 
explore the mechanism by which Ad-ING4-IL-24 synergisti-
cally inhibits MDA-MB-231 tumor cell growth, the apoptosis 
of MDA-MB-231 human breast cancer cells treated with 
Ad-ING4, Ad-IL-24, Ad-ING4-IL-24 or Ad (100 MOI) for 48 h 
was analyzed using Annexin V-PE (early apoptotic marker) and 
7-AAD (late apoptotic marker) double staining by flow cytom-
etry. As shown in Fig. 3, Ad-ING4-IL-24 treatment resulted in 
39.18±5.08% of MDA-MB-231 tumor cell apoptosis, whereas 
there was 2.89, 3.92, 22.63±3.16 and 15.8±3.12% of apoptotic 
MDA-MB-231 tumor cells found in the cells grown in the 
medium with PBS, Ad, Ad-ING4 and Ad-IL-24, respectively.

Ad-ING4-IL-24 co-operatively regulates apoptotic path-
ways. In order to further address the underlying molecular 
mechanism responsible for Ad-ING4-IL-24-promoting 
apoptosis, the transcriptions and expression levels of the 
apoptosis-related genes including Bax, Bcl-2, and survivin in 
Ad-ING4-IL-24-, Ad-ING4-, Ad-IL-24- or Ad-treated and 
untreated MDA-MB‑231 human breast carcinoma cells were 
analyzed by RT-PCR (in vitro) and immunohistochemistry for 
tumor tissues. The transcription and expression of Bax in the 
Ad-ING4, Ad-IL-24 and Ad-ING4-IL-24 groups were signifi-
cantly increased, and the transcription and expression of Bcl-2 
in the Ad-ING4 and Ad-ING4-IL-24 groups were decreased. 
The transcription and expression of survivin in the Ad-ING4, 
Ad-IL-24 and Ad-ING4-IL-24 groups were decreased (Fig. 4).

Enhanced cell cycle arrest by ING4 and IL-24 co-expression. 
To explore the potential mechanism by which Ad-ING4-IL-24 
suppresses tumor growth, the cell cycle conditions of the 
MDA-MB-231 human breast carcinoma cells treated with 

PBS, Ad, Ad-ING4, Ad-IL-24 and Ad-ING4-IL-24 for 48 h 
were further analyzed using PI staining by flow cytometry. 
As shown in Fig.  5A and B, the G2/M phase percentage 
of MDA-MB-231 tumor cells was 32.36±3.62% in group 
Ad-ING4-IL-24, whereas the percentages were 11.61±1.26, 
13.52±1.35, 22.52±3.28 and 26.24±2.86%, in the MDA-MB‑231 
tumor cells grown in medium with PBS, Ad, Ad-ING4 and 
Ad-IL‑24, respectively. To further address the underlying 
molecular mechanism responsible for Ad-ING4-IL-24 
inducing cell cycle arrest, the cell cycle-related proteins, p21 
and p27, in the Ad-ING4-IL-24-, Ad-ING4-, Ad-IL-24- or 
Ad-treated and untreated MDA-MB-231 human breast carci-
noma cells were analyzed by immunohistochemistry for tumor 
tissues. The expression of p21 in the Ad-ING4, Ad-IL-24 and 
Ad-ING4-IL-24 groups, and the expression levels of p27 in 
the Ad-IL-24 and Ad-ING4-IL-24 groups were significantly 
increased (Fig. 5C and D).

Ad-ING4-IL-24 additively reduces tumor angiogenesis. 
Previous studies have provided evidence that either ING4 or 
IL-24 may suppress tumor growth by inhibiting angiogen-
esis (5,24). To examine the combined effect of Ad-mediated 
ING4 and IL-24 co-expression on tumor angiogenesis, we 
detected the concentrations of VEGF in the supernatants of 
Ad-ING4-IL-24-, Ad-ING4-, Ad-IL-24- or Ad-treated and 
untreated MDA-MB-231 human breast cancer cells by ELISA 
analysis. The concentrations of VEGF in the Ad-IL-24 and 
Ad-ING4-IL-24 groups also significantly decreased compared 
with the PBS and Ad groups (Fig. 6A). The expression levels 
of VEGF in the Ad-ING4-IL-24, Ad-ING4, Ad-IL-24 or 
Ad-treated and untreated MDA-MB-231 human breast cancer 
s.c. xenografted tumors were analyzed by immunohistochemical 

Figure 3. Enhanced induction of apoptosis in MDA-MB-231 human breast cancer cells by Ad-ING4-IL-24. (A) The MDA-MB-231 human breast cancer cells 
were treated with Ad-ING4, Ad-IL-24, Ad-ING4-IL-24 or Ad-GFP used as the Ad control at the optimal MOI of 100 or PBS as the control for 48 h, and 
apoptosis was then analyzed using Annexin V-PE/7-AAD double staining by flow cytometry. The Annexin V single-positive cells in the total cell population 
represented the apoptotic cells. (B) *P<0.05 compared with the PBS and Ad-GFP groups; △P<0.05 compared with the Ad-ING4 and Ad-IL-24 groups (Q=1.17), 
one-way repeated measures ANOVA and multiple comparisons, n=3 replicates/condition.
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analysis. The expression levels of VEGF in the Ad-IL-24 and 
Ad-ING4-IL-24 groups were significantly decreased compared 
with the PBS and Ad groups (Fig. 6B and D). The MVD in the 
MDA-MB-231 human breast cancer s.c. xenografted tumors 

was calculated on the basis of CD34 immunostaining. The 
CD34-positive staining was mainly presented as brownish 
yellow or brownish granules in vascular endothelial cells of 
MDA-MB-231 breast carcinoma xenografted tumors (Fig. 6C). 

Figure 4. Ad-ING4-IL-24 modulates apoptosis-related molecules. (A) The transcription of Bax, Bcl-2 and survivin in MDA-MB-231 human breast cancer 
cells was detected by RT-PCR.  Lane 1, PBS; lane 2, Ad-GFP; lane 3, Ad-ING4; lane 4, Ad-IL-24; lane 5, Ad-ING4-IL-24. (B) Semiquantitative analysis of 
these gene transcriptions, *P<0.05 compared with the PBS and Ad-GFP groups; △P<0.05 compared with the Ad-ING4 and Ad-IL-24 groups (Q=1.17), one-way 
repeated measures ANOVA and multiple comparisons, n=3 replicates/condition. (C) Representative immunohistochemical images for Bax, Bcl-2 and survivin 
in MDA-MB-231 human breast carcinoma xenografted tumors. The MDA-MB-231 human breast carcinoma s.c. xenografted tumors were maintained in 10% 
neutral formalin and embedded in paraffin. Tissue sections were then stained with Bax, Bcl-2 and survivin (ING4 and IL-24 were maintained as the control) 
by immunohistochemistry using an Ultrasensitive™ SP kit and examined under a microscope (x400). (D) The IOD of Bax, Bcl-2 and survivin immunohisto-
chemical intensity was quantified by Image-Pro Plus 6.0 software. *P<0.05 compared with the Ad-GFP and PBS groups; #P<0.05 compared with the Ad-ING4 
and Ad-IL-24 groups, one-way repeated measures ANOVA and multiple comparisons, n=5 replicates/condition, n=5 observations/representative section. 
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Compared with the PBS and Ad control groups, the CD34 
expression of vascular endothelial cells in the Ad-ING4, 
Ad-IL-24 and Ad-ING4-IL-24 groups was weaker or less 
(Fig. 6C and D; P<0.05), indicating that the Ad-mediated ING4 
and/or IL-24 treatment downregulated the CD34 expression in 
MDA-MB-231 breast carcinoma xenografted tumor vessels.

Discussion

Multigene-based combination therapy represents an effective 
practice in cancer gene therapy, which may achieve greater 
therapeutic benefits by targeting multiple pathways (25). 
Recent studies have reported that ING4 as a novel tumor 

Figure 5. (A) Cell cycle analysis using propidium iodide (PI) staining. (B) Ad-ING4-IL-24 significantly induced G2/M phase arrest in MDA-MB-231 tumor 
cells (*P<0.05, compared with the Ad-GFP and PBS groups; #P<0.05 compared with Ad-ING4 and Ad-IL-24 groups), by one-way repeated measures ANOVA 
and multiple comparisons; n=3 replicates/condition. (C) Representative immunohistochemical images for p21 and p27 in MDA-MB-231 human breast carci-
noma xenografted tumors. The MDA-MB-231 human breast carcinoma s.c. xenografted tumors were fixed in 10% neutral formalin and embedded in paraffin. 
Tissue sections were then stained with p21 and p27 by immunohistochemistry using an Ultrasensitive™ SP kit and examined under a microscope (x400). 
(D) The IOD of p21 and p27 immunohistochemical intensity was quantified by Image-Pro Plus 6.0 software. *P<0.05 compared with the Ad-GFP and PBS 
groups; △P<0.05 compared with the Ad-ING4 and Ad-IL-24 groups, one-way repeated measures ANOVA and multiple comparisons, n=5 replicates/condition, 
n=5 observations/representative section.
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suppressor plays an important role in many cancer-related 
cellular processes including oncogenesis, cell cycle regulation, 
apoptosis, DNA damage response, invasion and migration, 
contact inhibition and tumor angiogenesis, implying that it is 
a potent tumor suppressor for cancer therapy (8). Subsequent 
studies have demonstrated that another tumor suppressor, 
IL-24, as a cytokine-tumor suppressor can discriminate 
between normal and tumor cells, induce apoptosis, inhibit 
tumor angiogenesis, stimulate immune responses, promote 
bystander antitumor activity, and synergize with anticancer 
drugs and radiation, suggesting that it is also an effective agent 
for cancer treatment (10,11). However, the therapeutic effect 
of the combination treatment of ING4 and IL-24 for cancer, 
remains unreported. Based on the antitumor properties of 
ING4 and IL-24, we speculated that the combination of ING4 
and IL-24 double tumor suppressors would exert enhanced 
tumor suppression. In this study, we constructed an ING4/
IL-24 biscistronic Ad harboring the ING4 and IL-24 double 
tumor suppressor genes (Ad-ING4-IL-24) and evaluated its 
combined therapeutic effect on MDA-MB-231 human breast 
cancer cells in vitro and MDA-MB-231 human breast cancer 
s.c xenografted tumors in vivo in an athymic nude mouse model 
using Ad-mediated ING4 and IL-24 co-transfer. We demon-
strated that the combination treatment of Ad-mediated ING4 
and IL-24 co-expression induced in vitro synergistic growth 
suppression and apoptosis in MDA-MB‑231 human breast 
cancer cells. Moreover, Ad-ING4-IL-24 also synergistically 

inhibited MDA-MB-231 human breast cancer xenografted 
tumor growth in vivo in athymic nude mice.

Genes regulating apoptosis may be divided into apoptosis-
related oncogenes and anti-oncogenes. The former promote 
apoptosis (Bax), and the latter are anti-apoptotic (Bcl-2 and 
survivin). The ratios between Bcl-2/Bax heterodimers and 
Bax/Bax homodimers appear to be pivotal in deciding the 
life or death of a cell (26). Bcl-2/Bax constitutes a rheostat 
that sets the threshold of susceptibility to apoptosis (27). 
Survivin inhibits apoptosis by interacting with cyclin kinase 
CDK4, p34, CDC2 and blocking apoptotic signal transduc-
tion. Survivin is rarely expressed in normal adult tissues but 
displays a weak expression in the placenta and thymus (28); 
however, it is widely expressed in tumors. A high expression of 
survivin in cancer is closely related to malignant progression, 
poor prognosis, tumor recurrence and drug resistance (29). p21 
and p27, important members of CDK inhibitors belonging to 
the Cip/Kip family, inhibit cyclin E-CDK2, cyclin A-CDK2, 
cyclin D-CDK4 and cyclin B1/CDC2 complexes leading to G1 
and G2/M arrest (30-33).

To elucidate the underlying mechanism involved in 
Ad-ING4-IL-24-mediated synergistic antitumor activity, 
the in  vitro transcription and in  vivo expression of apop-
tosis-related proteins, such as Bcl-2, Bax and survivin in 
MDA-MB-231 human breast cancer xenografted tumors were 
assessed by RT-PCR and immunohistochemical analysis. 
Evidence from in vitro and in vivo experiments demonstrated 

Figure 6. Changes in angiogenesis related cytokine levels before and after treatment. (A) The VEGF concentrations in the supernatants of different groups. 
(B and C) Representative immunohistochemical images for VEGF and CD34 in MDA-MB-231 human breast carcinoma xenografted tumors (x400). (D) The 
IOD of VEGF and CD34 immunohistochemical intensity quantified by Image-Pro Plus 6.0 software. *P<0.05 compared with the Ad-GFP and PBS groups; 
#P<0.05 compared with the Ad-ING4 and Ad-IL24 groups. One-way repeated measures ANOVA and multiple comparisons, n=5 replicates/condition, n=5 
observations/representative section.
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that Ad-mediated ING4 and IL-24 co-expression elicited a 
co-operative and overlapping effect on the upregulation of the 
apoptosis promoting gene, Bax, and the downregulation of the 
anti-apoptotic genes, Bcl-2 and survivin, in MDA-MB-231 
human breast cancer cells or tumor tissues. These results may 
closely account for the Ad-ING4-IL-24-induced synergistic 
growth inhibition and apoptosis in MDA-MB-231 tumor cells 
and xenografted tumors.

To uncover other mechanisms of tumor growth inhibition 
by Ad-ING4-IL-24, the cell cycle conditions of MDA-MB‑231 
human breast carcinoma cells in different groups were 
analyzed by flow cytometry. The results showed an obvious 
G2/M cell cycle arrest in the Ad-ING4 and Ad-IL-24 groups 
and an overlapping effect in the Ad-ING4-IL-24 group. To 
explore the potential molecular mechanism, the present study 
assessed the cell cycle-related molecules, p21 and p27, in 
MDA-MB-231 human breast cancer s.c. xenografted tumors 
by immunohistochemical analysis. The results showed that the 
expression levels of p21 and p27 both significantly increased 
in the Ad-ING4-IL-24 group, which indicated that the 
Ad-mediated co-expression of ING4 and IL-24 induced G2/M 
arrest and inhibited the cell cycle of MDA-MB-231 human 
breast cancer cells by stimulating the expression of the cell 
cycle inhibitors, p21 and p27.

In addition, the progressive growth and metastasis of solid 
tumors are dependent on the process of angiogenesis. It has 
been shown that ING4 suppresses tumor angiogenesis via 
the downregulation of IL-8 and osteopontin pro-angiogenic 
factors by inhibiting the activity of nuclear factor κB and 
hypoxia-inducible factor-1α (8,24). It has also been reported 
that IL-24 inhibits tumor angiogenesis via directly interacting 
with the IL-22R1/IL-20R2 heterodimeric receptor in vascular 
endothelial cells (14) and indirectly reducing pro-angiogenic 
factor production (13-15).

Animal experimental studies showed that the Ad-mediated 
ING4 and IL-24 tumor suppressor gene co-transfer reduced 
tumor volumes significantly, while the tumor inhibition rate 
of the Ad-ING4-IL-24 group reached 76.5±7.4% (Q=1.29), 
demonstrating the synergistic effect of ING4 and IL-24 
in vivo. In addition to the promotion of apoptosis and the inhi-
bition of the cell cycle, whether or not the suppression of tumor 
angiogenesis is also an underlying mechanism involved in 
the Ad-ING4-IL-24-mediated synergistic antitumor activity, 
remains unclear. In order to clarify this, we detected the MVD 
of tumor tissues in each group on the basis of CD34 immuno
staining, and the expression levels of VEGF, a key stimulator of 
vessel formation (34), by ELISA in vitro and immunostaining 
in  vivo. We further found that Ad-ING4-IL-24 additively 
downregulated CD34 and VEGF expression and decreased 
MVD in MDA-MB‑231 human breast cancer xenografted 
tumors, which may be another important mechanism involved 
in the Ad-ING4-IL-24-mediated in vivo enhanced growth 
inhibition of MDA-MB-231 human breast cancer xenografted 
tumors in an athymic nude mouse model.
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